The objective of this study was to assess the effect of live yeast (Saccharomyces cerevisiae) supplementation on the populations of specific cellulolytic (Fibrobacter succinogenes and Ruminococcus flavefaciens) and saccharolytic (Streptococcus equinus and Streptococcus bovis) bacteria in the feces of horses fed high-starch and high-fiber diets. Four horses were each fed diets consisting of high fiber with no yeast (HF), high fiber with yeast (HFY), high starch with no yeast (HS), and high starch with yeast (HSY) in a 4 Â 4 Latin-square design study. Fresh fecal samples were collected on the last 3 days of each 31-day experimental period and were then assessed, using semiquantitative real-time PCR, for total bacterial load and levels of target bacterial species, relative to the total bacterial load. The most abundant of the target species was F. succinogenes, and the HSY diet resulted in a significant (P ¼ .045) reduction in relative levels of this bacterium. No significant effect (P ¼ .224) of diet was observed in relation to abundance of R. flavefaciens. Results show that diet did not have a significant (P ¼ .068) effect on relative quantities of S. equinus, although there appeared to be a trend for increased levels of this bacterium during feeding of high-starch diets. Numbers of S. bovis were higher (P < .001) when horses were fed HS and HSY diets than when fed the HF and HFY diets. Significant variation in levels of S. equinus (P ¼ .024) and S. bovis (P ¼ .049) was observed between individual horses.
Introduction
Horses have evolved to eat high-fiber diets ingested in relatively high volumes over long periods throughout the day. This natural diet is a stark contrast to the high-starch diets (generally considered as those containing over 1g starch per kg bodyweight) frequently fed to performance horses, which often require much more energy than they can gain solely from a fiber-based diet, meaning concentrates form a considerable part of the ration. Such starchrich diets are known to disrupt the natural environment of the hindgut (e.g., increasing numbers of amylolytic bacteria, leading to a decrease in pH) [1] , compared to a high-fiber diet, and can result in the development of metabolic disorders, such as hindgut acidosis and laminitis [1] [2] [3] . Undoubtedly, the microbial ecology of the equine hindgut is of great importance, and a sound knowledge of its function will help in the prevention of disease. However, although much work has been done to improve knowledge of the microbial ecology of the equine digestive tract, there is still less information available for the hindgut of horses compared with, for example, the colon of pigs [4, 5] and the rumen of cattle and sheep [6, 7] .
Moreover, there is a need for an approach to feeding performance horses which provides the required nutrients without detriment to the hindgut. The addition of probiotics, including the yeast Saccharomyces cerevisiae, is one such approach which has been shown to enhance both nutrient digestibility [8, 9] and activity of cellulolytic bacteria, such as Ruminococcus flavefaciens, in the hindgut [10] . However, little attempt has been made to measure the effect of S. cerevisiae on numbers of saccharolytic bacteria present in the hindgut using modern molecular methods. Increased numbers of saccharolytic bacterial species, such as Streptococcus equinus and Streptococcus bovis, have been associated with the onset of gastrointestinal problems in the horse, which are often linked to high-starch diets [11] . Thus, the ability to reduce the numbers of such bacteria in the hindgut of horses fed high-starch diets would be valuable to the maintenance of gut health. Supplementation with S. cerevisiae might be a viable method of achieving this goal of preventing damage to the gastrointestinal tract by altering the bacterial populations present in the hindgut.
This study investigated the effects of yeast supplementation on some major populations of cellulolytic (R. flavefaciens and Fibrobacter succinogenes) and saccharolytic bacteria (S. equinus and S. bovis) in the hindgut of horses fed high-fiber or high-starch diets using feces as a model for bacterial populations in the hindgut [12] .
Materials and Methods

Feeding Study and Sample Collection
Four mature horses (mares) of similar age (10 AE 2 years), size, breed (Welsh Cob), and bodyweight (BW) (447 AE 80 kg) were used in a 4 Â 4 Latin-square design consisting of four experimental periods of 31 days (28 days adaptation followed by 3 days of sampling). A washout period of 5 days was included between experimental periods whereby ponies received a hay-only diet. The following diets were provided during the study: high fiber with added Yea-Sacc (minimum guaranteed concentration 1 Â 10 9 CFY/g: Alltech with water accessible ad libitum. Barn turnout was provided for at least 1 hour per day, to allow horses to exercise. Live-weight measurements were taken on a weekly basis for each individual to determine if any animals were in negative or positive energy balance. During the final 3 days of each experimental period, approximately 100 g of freshly voided feces was collected at the same time daily prior to the 4 PM feed from each horse and stored separately at À20 C in labeled and sealed (air tight) bags. At the end of each experimental period, fecal samples were pooled and a subsample (50 g) taken for analysis. All samples were stored at À20 C for later analysis. Ethical approval was granted by the Royal (Dick) School of Veterinary Studies research ethics committee.
Total DNA Extraction
DNA (total DNA) was extracted from the frozen fecal samples using the QIAamp DNA stool kit (QIAGEN Ltd, UK), following the manufacturer's instructions, but with the addition of glass beads to aid the homogenization of the samples [13] . Following DNA extraction and purification, the concentration of DNA in each sample was measured using a nanodrop and recorded before storage at À20 C until required.
Assessment of Bacterial Load
Samples were analyzed for the presence and abundance of specific fibrolytic and saccharolytic bacteria and total bacterial load. The bacteria tested for were: the fibrolytic bacteria R. flavefaciens and F. succinogenes; and the saccharolytic S. equinus and S. bovis (noncellulolytic). PCR primers were designed using Primer Express software (PE Applied Biosystems, UK) for the detection of each of the target bacterial species, based on 16S rDNA sequences published in GenBank. The Basic Local Alignment Search Tool (National Centre for Biotechnology Information) was used to test the specificity of the probes. A previously published [14] universal primer set was utilized for total bacterial load quantification. Semiquantitative real-time PCR was then performed on the extracted DNA, as described previously [15] using a Stratagene MX3000P Q-PCR system (Stratagene, UK). Primer used for the candidate bacteria are given in Table 2 . The Ct values for each primer were measured, and bacterial levels were determined relative to universal 16S by the delta Ct method [15] .
Data Handling and Statistical Analyses
Data were analyzed in Minitab using the general linear model analysis of variance using the model: pony þ period þ (diet Â treatment). Least significant difference equations were used for the comparison between treatments. For all results, P values of < .05 were considered statistically significant.
Results
The DNA extraction method yielded relatively low (up to 39 mg/mL) concentrations of total DNA, with an average total DNA yield of 26 mg/mL. There was no difference in the total DNA extracted, despite the high-starch diets appearing to yield higher concentrations of DNA than the highfiber diets, with mean values of 23 mg/mL and 24 mg/mL (for HF and HFY diets, respectively) compared to 30 mg/mL and 28 mg/mL (for HS and HSY diets, respectively). Additionally, there was no difference in total DNA yield as a result of trial period or individual variation.
Trial period had no significant effect on levels of any target organisms. There was, however, a significant difference in levels of the target organisms associated with diet. Fibrobacter succinogenes was found to be the most abundant of the target species, with high relative levels in all samples. Individual animal variation was very low for F. succinogenes (Fig. 1) . Diet did not appear to have any effect (P > .05) on the relative abundance of R. flavefaciens or F. succinogenes. However, treatment with yeast led to a reduction (P < .05) in F. succinogenes in ponies fed the HS diet.
Conversely, diet was observed to have a considerable (P < .001) effect on relative numbers of S. bovis (P < .001) and S. equinus (P < .05). There was an increase in abundance of these bacteria when horses were fed high-starch diets compared to high-fiber diets. There was also significant variation (P ¼ .049) in levels of S. bovis found in the feces of individual horses; two horses had lower relative levels of S. bovis when fed the HSY diet compared to the HS diet. Individual variation between ponies in relative levels of this bacterium was greater for the diets with added yeast than those without. Streptococcus equinus was observed to have the lowest average abundance, although variation between individuals was also high.
Discussion
Fibrobacter succinogenes and R. flavefaciens were selected as representative of fibrolytic bacteria in horses, whereas S. bovis and S. equinus have been proposed as having a role in hindgut acidosis and laminitis [1, 16, 17] . For the species targeted in this study, F. succinogenes was found to be present at the highest relative levels in all individuals and during feeding of all diets. Levels of this species appeared to be far greater than R. flavefaciens, previously identified by Julliand et al [17] as the most abundant species in the equine cecum. Lin and Stahl [18] found substantial numbers of F. succinogenes in the equine colon, but far greater numbers in the cecum, though they did not attempt to identify R. flavefaciens in their work, as a comparison to F. succinogenes, despite its importance in fiber degradation in the horse. In this study, the addition of yeast to the diet had no effect on levels of R. flavefaciens or F. succinogenes. In a study by Grimm et al [19] , yeast supplementation was also found to have no effect on the microbial ecosystem of horses fed a high-fiber diet.
Feeding high-starch diets resulted in increased numbers of S. bovis and a trend toward increased numbers of S. equinus compared to HF and HFY. This concurs with Medina et al [20] who reported increased numbers of Streptococci with HS diets. The addition of yeast to the HS diet appeared to reduce relative amounts of F. succinogenes and S. bovis compared to the HS diet, which also concurs with reports of yeast supplementation limiting the extent of undesirable changes in the intestinal ecosystem of horses fed a high-starch diet [20] .
Individual variation was observed in relative levels of bacteria, particularly S. bovis and S. equinus. The high variation between individuals may have masked some possible effects of diet, particularly as there were only four horses used in this study. Individual variation in hindgut populations has been reported previously by Steelman et al [21] , who also used fecal sampling for their analysis of hindgut populations. Additionally, Mao et al [22] described great variation in species present (again from fecal samples) in individual cattle during acidosis. Interestingly, the greatest individual variation observed here was in the two species known to be involved in lactic acidosis. It may be that those individuals harboring larger relative numbers of these bacteria could be more susceptible to laminitis, although the disease was not induced in any horses in this study. This theory is supported by a recent in vitro study by Hale et al [23] which used fecal inoccula from healthy horses and those with a history of laminitis. These authors found that gas production profiles during starch fermentation were much higher in horses with a history of laminitis than in normal horses, suggesting that the microbial community in horses which have had laminitis may be better adapted to the breakdown of starch. It has been shown that the microbial community in equine hindgut/ fecal samples is highly diverse [24] , which may example why some animals are more responsive than other to yeast supplementation. The complete history of all the horses in the present study is unknown, and it is possible that one or more of these individuals may have suffered from laminitis in the past.
The preservation method used (freezing) may have had an effect on the apparent abundance of some species. For example, Hastie et al [12] found that levels of R. flavefaciens and F. succinogenes were higher when samples were lyophilized than when they were simply frozen. These authors did not find the same trend in the case of S. bovis, suggesting that sample preservation method can alter the apparent levels of some bacteria. It could be that the grampositive bacteria such as S. bovis is more resistant to damage when frozen. These effects should be taken into account when assessing bacterial populations from frozen fecal samples and may have had an impact on the results in this study. For example, had lyophilization been employed here, the relative levels of R. flavefaciens and F. succinogenes might have been greater. Sample processing may also have affected bacteria levels, and temperature and storage time have been reported to impact on some bacterial counts [25] . It is also possible that the DNA extraction method may be biased toward certain types of bacteria, as some bacteria are more susceptible to chemical lysis. Indeed, a study by Salonen et al [26] demonstrated differences in yield of gram-positive and gram-negative bacteria depending on extraction method, resulting in some bacterial species possibly being represented to a larger or smaller proportional share than in reality. Glass beads were used in addition to the chemicals provided in the extraction kit in an attempt to increase lysis (physically) in cells that might not otherwise have been lysed effectively by the kit. It is unknown what extent of bias may have been introduced by the method used in this study and apparent levels of bacteria reported may not be a true reflection of the original community.
Other possible reasons for variable results obtained by molecular studies of bacterial communities in the equine hindgut could be the use of universal probe/primer sets which do not amplify all species present. In an ideal situation, a universal primer/probe set would be specifically designed for the detection of bacteria from the entire equine hindgut community. There is, however, still a lack of comprehensive knowledge of the entire microbial profile present and how this changes with diet.
Conclusion
The addition of live yeast (at the level used in this study) to a high-starch diet reduced the levels of F. succinogenes but had no significant effect on the other candidate bacteria. High-starch diets resulted in increased levels of S. bovis and a trend toward increased levels of S. equinus compared to high-fiber diets. Relative levels of S. bovis and S. equinus were observed to vary substantially between individual horses and the addition of yeast to the diet appeared to result in increased variability in numbers of S. bovis. The variation in levels of Streptococcus spp. between horses may have affected the results in this study, possibly masking any overall effects of diet. Future work could focus on assessing this variation and would likely involve a greater number of horses.
